A bstract. The kinetics of oxidation of ubiquinone, flavoprotein, cytochrome c, and the cytochrome b complex in skunk cabbage (Symplocarpus foetidus) mitochondria made anaerobic with succinate have been measured spectrophotometrically and fluorimetrically in the absence of respiratory inhibitor and in the presence of cyanide or antimycin A. No component identifiab,le by these means was oxidized rapidly enough in the presence of one or the other inhibitor to qualify for the role of alternate oxidase. Cycles of oxidation and rereduction of flavoprotein and ubiquinone obtained by injecting 12 jM oxygen into the anaerobic mitochondrial suspension were kinetically indistinguishable in the presence of cyanide or antimycin A, implying that these 2 components are part of a respiratory pathwav between succinate and oxygen which does not involve the cytochromes and does involve a cyanide-insensitive alternate oxidase. The cytochrome b complex shows biphasic oxidation kinetics with half times of 0.018 sec and 0.4 sec in the absence of inhibitor, which increase to 0.2 sec and 1 sec in the presence of cyanide. In the presence of antimycin A, the oxidation of the cytochrome b complex shows an induction period of 1 sec and *a half-time of 3.5 sec. A split respiratory chain with 2 terminal oxidases and a branch point between the cytochromes and flavoprotein and ubiquinone is proposed for these mitochondria.
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Many plant tissues yield mitochondria whose rate of respiration is partiallv insensitive to inhibition by cvanide (34.42) . The most notable of such tissues are the spadices of the flowers of Arum maculatum (1, 2) and the skuinik cabbage. Symplocarpus foetidus (3, 28, 299) . Mitochondria isolated from these tissues are often totally insensitive to respiratory inhibition by cyanide or antimycin A. The cvtochromes of skunk cabbage mitochondria have been characterized by their spectra (4, 16, 19) which are virtually identical to those observed in other plant mitochondria, regardless of tissue source and degree of cvanide sensitivity (4, 37) . In (1) ]. This observation has been interpreted in terms of 2 terminal oxidases in plant mitochondria, 1 a cytochrome sensitive to inhibition by cyanide, the other an enzyme of unknown structure insensitive to cyanide inhibition (4, 42) . Ben- (25) ; much insight into the molecular mechanism of electron transport has been gained from them (13, 22) . Such (19) studied the kinetics of oxidation-reduction cycles of the respiratory chain carriers in skunk ca;bbage mitochondria-these being the only 2 instances of the application of this kinetic technique to plant mitochondria-but only in the absence of respiratory inhibitors. In this paper, we report comparative kinetics for the oxidation of respiratory carriers in skunk cabbage mitochondria in the absence and presence of the respiratory inhibitors. cyanide, and antimycin A.
Experimental Procedures
Skunk cabbage (Symplocarpus foctidus) flowers were collected from selected swampy points in Delaware and Montgomery Counties of Pennsylvania, Union County, New Jersey, and Tompkins County. New York. They were stored at 4°. Mitochondria were prepared from the excised spadices by means of the method described by Bonner (7) with minor modifications. The spadices were diced into small pieces about 5 mm on a side and suspended in cold medium containing 0.3 M mannitol, 10 mar EDTA, 4 mM cysteine, 10 ml MOPS, and 0.1 % BSA, fraction V, !at pH 7.4. About 80 g spadix tissue per liter of medium proved optimal. The tissue was homogenized in a Waring Blendor with 2 periods of sec at high speed separated by 5 sec. The grinding head of the Blendor was replaced by a "Polvtron" head (Bronwill Scientific) which provides very rapid and efficient disruption of the tissue. The pH remained constant during the homogenization. The homogenate was squeezed through 4 layers of nylon cloth and centrifuged for 20 min at 1000 g to remove cellular debris and starch. The mitochondria were sedimented at 10,000 g for 15 min, and then resuspended in wash medium of the same composition as the grinding medium but with cvsteine omitted, 100 ml of wash medium being used for each liter of grinding medium. Residual starch was removed by centrifugation at 750 g for 15 min, and the final mitochondrial preparation was isolated by sedimentation at 6000 g for 15 The kinietic measurements were carried out in a mantually operated regenerative flow apparatus witl 0.1 cm light path and in a similar, hydraulicallv operated apparatus with 0.4 cm light path. The latter apparatus is similar to the one described in detail by Chance (22) ; the calibration of the former one, also designed by Chance (12) . has been reported by Storey l(40) . In these experiments, the aerobic mitochondrial suspension was preincubated for 10 min with 130 J.M ADP and 10 jr 1799 (designation for the uncoupler bis-l(hexafluoroacetonyl) -acetone, which was kindlv provided by Dr. P. Heytler of E. I. duPont de Nemours, Inc.) to deplete the mitochondria of energy conservation capacity. The mitochondrial suspension was made anaerobic by addition of 3 mM succinate; 6 mM malonate was then added to partially inhibit succinic dehydrogenase and thus maintain the flux of reducing equivalents through the respiratory chain at a very low level (B. Chance, unpublished method). Under these conditions, the extent of oxidation of the respiratory carriers is greater than 95 % in the aeroibic steadv state, as determined in separate control experimenits. A large reservoir of reducinequivalents is available. however, so that numerousx oxygenation cycles may be carried out on a single sample. The flow experiment is initiated by mixing the anaerobic mitochondrial sutspension with oxygensaturated meditum at a volume ratio of 100/1, giving an initial oxygen concentration of 12 ptM. Absorbance changes corresponding'to the oxidation of ubiquiinone, cytochrom,e c, cytochrome b, and flavoprotein were measured as a function of time with the dual wavelength spectrophotometer (10) . Fast changes were displayed on a storage oscilloscope and photographed to give permanent records; slow changes were displayed on a pen recorder chart. Ubiquinone was monitored wiith the wavelength pair 275 to 290 my or 282 to 295 mMu (17, 39) . For cytochrome c, the pair 549 to 540 my was used. Absorbance changes due to the cytochrome b components were followed at 560 to 575 my (9) , while those due to flavoprotein were followed with 'the wavelength pair 468 to 488 m,u, which minimizes interference from the cvtochrome components. The wavelength pairs 465 to 510 mL (18) and 475 to 510 m 1(23) are not kineticallv "clean" in these mitochondria and show absorbance changes attributable to the rapidly oxidized cytochromes. The oxidation kinetics of fluorescent flavoprotein and pyridine nucleotide were also measured in the flow apparatus by means of a rotating disc fluorimeter which permits the simultaneous recording of changes in both components (22) . Pyridine nucleotide fluorescence emission detected at 450 mMu was excited at 366 mMu; flavoprotein fluorescence detected at 570 m;, was excited at 436 m,. The exciting light source was a watercooled high pressure mercury arc, and the wavelengths indicated were selected by means of appropriate primary and secondary filters.
Difference spectra of the mitochondrial suspensions were obtained with the split beam spectrophotometer described by Chance (10) . Spectra in the ultraviolet region were obtained at room temperature: those in the visihle region were obtained at liquid nitrogen tenlperature tusing the technique described by Estabrook (26) as modified by Bonner (4) .
Results
Integrity of the Mitochondrial Membraec. Evidence that cytoclhrome b functioniis on a branch pathway of electron transport in mammalian submitochondrial particles, rather than on the main pathway, was presented some years ago by Chance (11) .
This finding raised the point that damage to the mitochon,drial membrane can alter the organization of the respiratorv chain. Further evidence has accumulated that such alteration indeed occurs, and that both cytochrome b and ubiquinone are affected; the oxidation rate of cytochrome b is slower, the more altered the mitochondrial particle, while that of ubiquinone is faster (25) . It was therefore necessary to show that the skunk cabbage mitochondria used in this kinetic study had undramaged membranes. Bonner gives 3 properties which isolated mitochondria must possess if they are to be considered intact (7). These are: A) good respiratory control by ADP concentration (15) and retention of this property for some hr following isolation; B) no acceleration by externally added NAD + of the oxidation rate of malate, or acceleration by added cytochrome c of any respiration rate; C) retention of mitochondrial fine structure and minimal contamination bv microsomal fragments. Skunk cabbage mitochondria, when isolated ias described above, regularly possess the last 2 properties, but respiratory control by ADP concentration is usually difficult to demonstrate. The energy-linked reduction of endogenous pyridine nucleotide by succinate oxidation was regularly observed with these mitochondria, however, and this property was retained for at least 4 hr after isolation in ice-cooled preparations. It was taken as indicating an intact mitochondrial membrane, not because the energy conservation capacity is functional, but because the endogenous pyridine nucleotide is evidently prevented from leaking out. Reduction of pyridine nucleotide by succinate oxidation, measured fluorimetrically, is shown in figure IA ; the reduction is inhibited by preincubating the mitochondria with ADP and uncoupler, as shown in figure 1B . The corresponding energy-linked reduction of fluorescent flavoprotein is shown in figure IC given in the text. In traces A and B, the fluorescence increase caused by pyridine nucleotide in the coupled and depleted states, respectively is recorded for 2 samples from the same mitochondrial preparation. In the depleted sample, 24 % of the pyridine nucleotide is reduced by succinate as compared to the sample treated with ATP. In traces C and D, the fluorescence decrease due to flavoprotein for the coupled and depleted condition is recorded. In the depleted sample, the extent of the fluorescence decrease is 18 % of that in the coupled sample.
ADP and uncoupler as is evident from figure 1D . The problem of respiratory control and energy conservation in skunk cabbage mitochondria is considered in greater detail in an accompanying paper (41) . In this study, the mitochondria were treated with uncoupler and ADP to produce the depleted condition which is characterized by the fluorescent flavoprotein and pyridine nucleotide responses shown in figures 1B and 1D. Under these conditions, the energy conserving capacity of the mitochondria is lost, and the process being examined during oxidation cycles is presumably electron transport alone. Attempts to measure carrier kinetics in the coupled state were unsuccessful, because the mitochondria became uncoupled within one-half hr of being suspended in the reaction medium, even at 180.
Stability of the Mitochondrial Suspenision. One of the great advantages of the regenerative flow apparatus is that numerous measurements may be carried out with the same sample. This requires that the mitochondrial suspension be held for the full period of the experiment at the desired reaction temperature, and the stability of the preparation becomes a problem. Breakdown of the suspension was signalled by coagulation of the mitochondria and, on occasion, by a sharp decrease in the oxidation rate of the respiratory carriers. The problem was aggravated by higher temperatures: at. 26°, maximum working time was 3 hr or lessi while at figure 2A ; this reaction proceeds with a half-time of 260 msec. The full cycle of oxidation and reduction. whose initial part is recorded in figure 2 . is shown in figure 3 . The flavoprotein fluorescence and absorbanice changes are in synchrony, with the time to half-reductiont,., off (31) oxidation and reduction is shown in figure 4 for ubiquinone, figure 5 for flavoprotein, figure 6 for cytochrome b, and figure 7 for cytochrome c, in the absence and presence of 0. (16) .
Cytochrome c is oxidized wvith a half-time of 3.1 msec in the absence of inhibitor, a valuie close to that measured for this respiratory carrier in rat liver mitochondria (22) . There is a further slow oxidation which accounts for about 10 % of the ahbsorbance change; a similar slo-w oxidation phase was noted by Chance and Bonner (19) in skunk cabbage mitochondria reduced by endogenous substrate only. The reduction part of the cvcle also shows a slow phase comprising 10 % of the absorbance change. Cytochrome c shows a t1/2 off of 1.6 sec under these conditions. In the presence of cyanide, there is oxidation of cytochrome c with a half-time of 3.8 msec, which is nearly the half-time in the uninhibited system. The maximum extent of oxidation is only 30 %, however. Reduction occurs in 2 phases after a steady state lasting about 100 msec. The first phase corresponds to a t,/2 off of about 150 msec. The absorbance change due to the slow phase is again about 10 % of the total change due to cvtochrome c in the absence of inhibitor.
The kinetic behavior of cvtochrome c upon oxygenation of the anaerobic mitochondrial suspension in the presence of cyanide is most readily explained by a binding site for cyanide on reduced cytochrome oxidase which is different from the site responsible for inhibition of the reduction of oxidized cytochrome a3 by reduced cytochrome a, and which does not interfere with the oxidation of cvtochrome a3 by oxygen. Yonetani has recently summarized the argument for 2 such sites (43) deriving both from his own work. and from that of Keilin and Hartree (35) and Chance (9) . The pattern of cytochrome c oxidation shown in figure  6C would then reflect the following sequenee; oxidation of reduced cytochrome a, by oxygen followed by oxidation of reduced cvtochrome a in less than 0.5 msec (22) ; reduced cvtochrome c is then in turn oxidized with its normal half-time. Once cytochrome a, is oxidized, however, the cyanide present binds to the inhibitory site, and the flow of electrons through the oxidase to oxvgen is effectively cut off. The the mitochondrial suspension contains 3.3 mg protein/ml; in experiment C, it is 2.6 mg protein/ml; otherwise the reaction conditions are identical to those in figure 4 . The light path is 0.1 cm; the response time in all 3 experiments is 50 msec. A) Oxidation of cytochrome c on short time scale. Addition of oxygenated medium results in oxidation during flow; there is a rapid upward deflection of the trace to a plateau during the flow followed by a further rapid deflection when the flow stops. Cytochrome c is essentially completely oxidized under these conditions. The calculated first order rate constant for oxidation is 226 sec-1, corresponding to half-time of 3.1 msec. There is then a slow upward deflection, comprising about 10 % of the total absorbance chain, to the oxidized steady state. The reduction which completes the cycle is signaled by a downward deflection of the trace. B) Repeat of the experiment shown in A, but with 10-fold slower time scale. Biphasic reduction of this component is evident; 90 % is rapidly reduced, while the remaining 10 % is slowly reduced, resulting in the "tail" seen in the record. C) Oxidation of cytochrome c in the presence of 0.3 mm KCN, recorded at twice the sensitivity of A and B. During the flow, there is an upward deflection of the trace to a plateau followed by a second upward deflection to an apparent steady state when the flow stops. The calculated rate constant is 182 sec-1, corresponding to a halftime of 3.8 msec. This state lasts for 0.1 sec and is followed by rapid biphasic reduction. About 30 % of this component is oxidized under these conditions. PLANT 
Discussion
Two points emerge directly from the results reported in this paper. First, the cytochrome b complex must be peripheral to electron transport through the alternate oxidase, since its rate of oxidation in the presence of antimycin A is far too slow for it to play a kinetically competent role in that process. In fact,, in the presence of cyanide, its first oxidation half-time of 200 msec is still slow bv mammalian standards for a cytochrome closely associa.ted with a terminal oxidase (22 The proposed respiratory pathway shown in figure 10 was derived from kinetic studies with uncoupled, depleted skunk cabbage mitochondria, and thus applies only to that particular condition. The question of what modifications to such a scheme are required to account for the results observed with coupled skunk cabbage mitochondria are discussed in the accompanying paper (41) .
